A differential desorption technique called intermittent temperature-programmed desorption (ITPD) was used to gain new information on the superficial oxygen species of SnO 2 , a solid used extensively for the preparation of sensors and redox catalysts. The use of an original device involving an induction heating system enabled the time necessary for ITPD determination to be decreased by a factor of 20 or so, compared to that with a classical apparatus. TPD and ITPD studies carried out in vacuum showed the existence of at least two distinct states desorbing at temperatures higher than 700 K. The corresponding amount of adsorbed oxygen was less than 10% of that necessary for the formation of a compact monolayer of oxide ions. These two states exhibited apparent activation energies of desorption, E app , equal to 285 ± 10 kJ/mol and 334 ± 8 kJ/mol, respectively. The corresponding frequency factors, ν, were far higher than 10 13 s -1 , indicating that re-adsorption was unlikely and that E app was equal to the activation energy for desorption, E d . Calculations using a classical desorption rate expression showed that the ITPD profiles could be simulated and compared to the experimental data successfully.
INTRODUCTION
Stannic oxide (SnO 2 ) is a wide band-gap material with a rutile crystal structure. It is of interest for various technological applications, e.g. gas sensors, oven coatings, electrodes and solar cells. Its conductivity changes according to the redox properties of the atmosphere with which it is in contact, thereby making it a valuable candidate in sensor technology applied to CO (Yamazoe and Miura 1992) or to H 2 (Li and Kawi 1998), for example. Catalytic applications of SnO 2 include dehydrogenation reactions (Tagawa et al. 1982) , the oxidation of CO (Fuller and Warwick 1973) , the SCR of NO x by C 2 H 4 (Teraoka et al. 1993) , the combustion of hydrocarbons (Dusastre and Williams 1998) and numerous other applications.
Generally, SnO 2 exhibits a low specific surface area and many attempts have been made to support SnO 2 on conventional oxides in order to achieve higher dispersion, thereby leading to catalysts exhibiting promising performances in SCR reactions. Al 2 O 3 -supported SnO 2 catalysts have been found to be active for NO SCR by propene ) even under lean-burn conditions , and for NO SCR by methanol (Tabata et al. 1994) . Studies and applications of unsupported high-surface SnO 2 are scarce, but the possibility of using this oxide as a support for Pd catalysts has been demonstrated (Amalric-Popescu and Bozon-Verduraz 2000) . Recent studies to investigate the catalytic properties of high surface area SnO 2 samples in SCR reactions have been undertaken and the adsorption of CO and NO x molecules has been examined in an attempt to obtain a better understanding of the sensing properties of SnO 2 towards these molecules (Sergent et al. 2002) . Adsorbed oxygen species play a key role in the surface reaction mechanisms underlying these applications and, consequently, considerable experimental effort has been devoted to their study (Che and Tench 1983; Tamaki et al. 1989; Yamazoe et al. 1979) .
The thermodynamics and adsorption/desorption kinetics of oxygen species may provide important information for understanding and modelling reactions at the surface of materials used in the elaboration of sensors or catalysts. To this end, temperature-programmed desorption (TPD) techniques have demonstrated their usefulness for systems involving molecules containing a limited number of atoms adsorbed onto metals, on semi-conducting oxides and onto isolated oxides (Masel 1996; Somorjai 1994) . However, many authors (Gaillard et al. 2004; Gillot et al. 1976; Gonzalez-Cruz et al. 1978; Iwamoto et al. 1978; Joly et al. 1986 ) have shown that the O 2 -TPD profiles from SnO 2 powders are complex and dependent of the reduction state of the original surface (Oviedo and Gillan 2001).
TPD results for small molecule desorption from metallic single crystals are generally easier to interpret than the results from heterogeneous polycrystalline powder samples. Nevertheless, such samples are worth investigating because they are close to the real materials used for catalyst or sensor elaboration. Some studies (Gaillard et al. 2004; Haydar et al. 2000; Joly et al. 1993; Joly and Perrard 1993) have demonstrated the interest of a so-called intermittent temperature-programmed desorption (ITPD) technique for obtaining information about the thermodynamics and desorption kinetics of small molecules adsorbed on highly heterogeneous surfaces. The ITPD technique, initially proposed by Joly in 1982 and which is similar to that proposed by Habenschaden and Küppers (1984) , is a differential form of TPD where a saw-tooth heating programme is used to generate a sequence of interrupted desorption runs. This method bypasses experimentally the difficulties encountered in attempting to deduce the desorption activation energy distribution function from a single TPD profile. In addition, one of the advantages of ITPD is that the initial coverage of the surface does not have to be reproduced very accurately in the experimental determinations. This paper presents the results of an investigation by a fast ITPD technique of the more energetically adsorbed forms of oxygen on powdered SnO 2 .
METHODS AND MATERIALS
The apparatus used for the present ITPD studies in vacuum was adapted from a device designed to perform TPD from thick metal sheets. This laboratory-built device has been described previously (Peillex et al. 1995) . The catalyst powder was located in a cylindrical stainless-steel sample holder (50 mm height, 4.0 mm i.d.) which was suspended in the centre of a cylindrical quartz reactor via spot-welded K-type thermocouple wires (50 µm diameter). Heating was achieved by a high-frequency system (1.1 MHz, 6 kW, manufactured by CFEI, France) with a sixturn inductive coil placed around the reactor. This system allowed rapid heating with a small temperature gradient of the sample holder. The latter was isolated virtually both thermally (except for the radiation mode) and mechanically from both the reactor and the heating device. The reactor could be evacuated down to 5 × 10 -8 mbar by means of a turbomolecular pump. Analysis of species released during TPD runs was carried out using a quadrupole mass spectrometer (VGgas Smart-IQ + ) fitted with its own pumping system (lower pressure: 1 × 10 -7 mbar), with the data obtained being processed using Gasworks software. The SnO 2 sample was first outgassed under vacuum up to 1000 K for 8 min and then cooled down to room temperature. Thereafter, it was heated at a rate of 20 K/min up to 900 K in pure O 2 at 133 mbar pressure. After the desired adsorption time (30 min), the sample holder was cooled down to 310 K under O 2 and then evacuated to 1 × 10 -5 mbar. Finally, the reactor was isolated from the vacuum line and connected directly to the MS through a large diameter UHV valve. Evacuation of the reactor was continued using the turbomolecular pump of the MS, with the signals corresponding to the evacuated species being followed by the MS. This ensured that the TPD runs were commenced at a constant value of the oxygen-related MS signal corresponding to ca. 10 -6 mbar pressure in the reactor. The desorbed molecules were detected over the temperature range from room temperature to 1050 K by following the mass peaks at m/e = 16, 18, 28, 32 and 44 amu. Successive adsorption and TPD runs were conducted in order to check the reproducibility and to be sure that no damage was caused to the sample during experiments.
Intermittent TPD was undertaken with the same set-up working under vacuum. ITPD experiments consisted in "slicing" the total TPD profile by means of a saw-tooth heating programme (Alvarez-Merino et al. 2003; Gaillard et al. 2004; Lecomte et al. 2003) . Temperature increases were used to provoke oxygen partial TPDs, which were then interrupted by temperature decreases. The heating rate of the ascendant parts was 0.33 K/s. During the descendant parts, the sample was allowed to cool freely in order to adjust the m/e = 32 MS signal back to its initial background level. Desorption was thus intermittent during this process. After the ITPD experiment and oxygen re-adsorption, a last TPD run was conducted to check for sample integrity.
The SnO 2 powder was purchased from Aldrich. Its specific surface area, as determined by N 2 adsorption at 77 K, was 6.8 m 2 /g. Typically, 0.2 g of the solid was used for a TPD or ITPD experiment.
ITPD NUMERICAL SIMULATIONS
Simulations using a classical desorption rate expression show how the activation energy of desorption can be determined from ITPD experiments carried out under vacuum. Classically, for a homogeneous surface, the desorption rate expressed in a reduced form may be written as follows (Alvarez-Merino et al. 2003; :
(1) where θ, t, ν, k a , q m , C, E d , E a , R and T, respectively, denote the surface coverage, time, the so-called frequency factor of the desorption rate constant, the pre-exponential factor of the adsorption rate constant, the amount of oxygen necessary for surface saturation, the conductivity of the tubing linking the desorption cell to the pumps, the desorption activation energy, the adsorption activation energy, the perfect gas constant and the absolute temperature. As the lower parts of the interrupted TPDs occur at a quasi-constant coverage experimentally, the slope of the plot of ln r versus the reciprocal temperature is equal to -E app /R, where E app is an apparent desorption activation energy. If no re-adsorption occurs during the TPD runs, this slope gives the value of the desorption activation energy (E d ) directly, since the second term in the denominator of equation (1) r d dt
is negligible compared to unity. Conversely, E app = -∆H = E d -E a (where ∆H denotes the heat of adsorption) if re-adsorption freely occurs (Lecomte et al. 2003) . Numerical simulations have been obtained with various values of E d and E a for kinetic orders n = 1 and n = 2. The initial coverage was chosen as very close to 1 in all cases. Figure 1 shows the simulated curves obtained with the data listed in Table 1 where β is the heating rate. This figure shows how the complete first-order asymmetrical TPD peak was arbitrarily sliced into interrupted TPDs and the corresponding Arrhenius plots. Provided the other parameters remained unchanged, it was verified that the TPD peak was the same irrespective of the values of E a , provided that the latter was greater than 75 kJ/mol. This showed that re-adsorption was negligible in these cases. Table 2 shows the apparent desorption activation energies, E app , calculated from the slopes of the Arrhenius plots at ln r d = 10 -12 . It will be seen that the value of E app was very close to that of E d . As expected, the difference (E d -E app ) was the largest for interrupted TPD for which the relative change in coverage during desorption was the largest.
Similarly, it was verified that for values of E a sufficiently small to allow free re-adsorption, the value of E app calculated as described above was very close to E d -E a = -∆H.
Intermittent TPD was simulated for a heterogeneous surface including three homogeneous adsorption states. In this case, the desorption rate was given by:
( 2) where r i is defined by equation (1) applied to each desorption state and X i is the fraction of adsorption sites for each state. As an example, Figure 2 shows the simulated curves obtained with ν = 10 13 s -1 , n = 2, β = 0.5 K/s, q m k a /C = 2000 and E a = 125.6 kJ/mol for the three states, plus the data listed in Table 3 . The whole TPD spectrum exhibiting three maxima was sliced into numerous interrupted TPDs in order to obtain an insight into the resolution of the ITPD method.
The curve obtained from the plot of E app versus (1 -θ) [part (c) of Figure 2 ] exhibits three plateaux whose heights are very close to E d . It is noteworthy that the extent of the plateaux reflects the population of the different states. This means that the adsorbate molecules desorbed almost successively from the state possessing the smallest desorption activation energy to the state possessing the largest desorption activation energy. This observation may be related to the relatively good resolution of the whole TPD spectra into the states involved. Indeed, it was verified numerically that when the frequency factors ν and the desorption activation energies E d were such that a single broad TPD peak was observed, the plot of E app versus 1 -θ exhibited no plateaux whatsoever. However, the limits of the distribution of E app were in satisfactory agreement with the respective lowest and highest desorption activation energy used to construct the model. Figure 3 shows the complete TPD spectrum of oxygen after its adsorption at 900 K. This spectrum is in agreement with those found in the literature (Gaillard et al. 2004; Gillot et al. 1976; Gonzalez-Cruz et al. 1978; Iwamoto et al. 1978; Joly et al. 1986 ). This spectrum exhibits a lowtemperature peak denoted as α at ca. 425 K, a composite desorption peak at temperatures higher than 700 K with local maxima at ca. 800 K (peak β) and 960 K (peak γ), and a shoulder at ca. 1020 K (peak ε). This latter peak was not considered for ITPD investigation. The α peak corresponds to 0.1% of a compact monolayer of oxide ions while the composite peak (β + γ + ε) corresponds to 9.5% of such a monolayer. A compact monolayer of oxide ions corresponds to a coverage of 13.7 µmol O 2 /m 2 ) and this was chosen as a reference for expressing the amounts of oxygen since it represents the densest possible superficial population.
RESULTS
Trace a in Figure 4 shows the higher part of the oxygen TPD profile of the SnO 2 sample after O 2 adsorption at 900 K (heating rate = 0.33 K/s). Traces in the lower part of the same figure shows how the SnO 2 TPD spectrum was sliced into interrupted TPDs by the ITPD process. The signal recorded during the successive temperature decreases was not plotted for reasons of clarity. The last partial TPD (trace b) was allowed to continue up to 1050 K in order to complete the TPD profile and to show the good agreement with the previous complete TPD profile. Finally, trace c shows the profile corresponding to a TPD run carried out after ITPD and subsequent O 2 adsorption in order to check the integrity of the SnO 2 sample. If an overall signal intensity loss of ca. 10% is neglected (possibly attributable to long-term alteration of the MS sensitivity), it will be seen that the profile shape and the local maxima positions are strictly maintained. The Arrhenius transforms of the experimental interrupted TPDs are shown in Figure 5 as well as the variation of E app with the amount of oxygen extracted from the surface during the course of ITPD. Two families of lines with distinct slopes corresponding to different values of E app clearly appear in the Arrhenius plot. These values may be associated with two plateaux at 285 ± 10 kJ/mol and 334 ± 8 kJ/mol, respectively, corresponding to the two peaks which compose the whole TPD spectrum depicted in Figure 4 . The first plateau corresponds to ca. 15% of the oxygen molecules desorbed over the temperature range 700-1050 K while the second plateau corresponds to ca. 55% of the same amount. The remainder may be attributed to the higher temperature range which was not considered in this ITPD study.
DISCUSSION
The apparent desorption frequency factor, ν app , can be calculated from the previous data set using the following equation (Alvarez-Merino et al. 2003) :
( 3) where N denotes the amount of adsorbed species in a given state and N tot denotes the amount of oxygen necessary to saturate the considered state. The quantities N tot and dN/dt are available experimentally. The coverage θ of the state concerned can be chosen so that f(θ) is close to unity. This procedure is sufficiently accurate to assess the order of magnitude of ν app . The results were close to ν app = 10 15.5 s -1 for states β and γ. This value is greater than 10 13 s -1 provided by the classical Eyring theory (Masel 1996) , suggesting that re-adsorption during ITPD runs can be ruled out. In this case, the apparent energy E app would be equal to the desorption activation energy E d and ν app would be equal to the desorption frequency factor ν. Values of ν several orders of magnitude higher than 10 13 s -1 are frequently observed (Wang and Seebauer 2001; Zhdanov 1991) . This high value may be interpreted classically in the frame of the activated complex theory. This means that the activated complex possesses a higher mobility than the adsorbed species. An earlier determination of the desorption activation energy of state β by slow ITPD performed with another apparatus provided a value of E d equal to 285 ± 8 kJ/mol (Gaillard et al. 2004) , in excellent agreement with the present value determined by fast ITPD. This fact shows that the results provided by ITPD were independent of the experimental conditions, and more precisely from the heating rate and from the manner in which the whole TPD spectrum was sliced into interrupted TPDs. The advantage of fast ITPD is that it reduces the time spent for an ITPD analysis by a factor of ca. 20. If the values determined experimentally for E app and ν app are used for calculating the temperatures T m of the peak maximum via the following equation proposed by Redhead (1962) :
(4) values of T m equal to 815 K and 965 K may be determined for peaks β and γ, respectively. These results are in agreement with experimental observations in complete TPD and support the data provided for E app and ν app by ITPD.
The assignment of species to each TPD peak or shoulder has been attempted by several authors (Che and Tench 1982, 1983; Gonzalez-Cruz et al. 1978; Iwamoto et al. 1978; Sanjines et al. 1990; Sarala Devi et al. 1999; Wada and Egashira 1998; Yamazoe et al. 1979) . Some results have been gathered in Table 4 . In general, the lower temperature state (α) may be assigned to di-oxygen species, in agreement with the probably low apparent frequency factor due to re-adsorption.
Higher temperature states (γ and ε) may be assigned to surface or lattice O 2species. The intermediate temperature state (β) appears to be more difficult to assign since it may correspond to an Oor O 2species. Valuable information in this regard has been provided by theoretical studies (Oviedo and Gillan 2001). Indeed these authors assigned the higher temperature states found by TPD to lattice oxygen from bridging and perhaps in-plane sites. The energy governing the desorption of oxygen at temperatures in the range 900-1000 K was found to be 3.1 eV, close to our E d values. The plots depicted in Figure 6 show the result of the re-calculation of the TPD profile using values of E d obtained by ITPD and slightly adjusted values of the frequency factor ν for each state β and γ. Good agreement was found for peak β while the simulated peak γ appeared to be slightly narrower than the experimental one. This could be due to the fact that the classical model used to simulate DTP peaks does not take into account a possible slight heterogeneity of the corresponding state, with the consequence of a small variation of E d and/or ν with coverage.
CONCLUSIONS
The above results show that ITPD can give valuable thermodynamic and/or kinetic data on oxide materials of great technological importance such as SnO 2 . As the behaviour of such solids is closely related to the adsorption/desorption of oxygen species, ITPD can be a good tool for investigating and developing new material with controlled properties. The results for SnO 2 provided clear evidence of the desorption of three kinds of oxygen species at temperatures higher than 700 K. Values of the desorption activation energy were determined with good accuracy by the technique of ITPD and gave valuable indications about the stability of oxygen species on SnO 2 . Undertaking ITPD experiments under high vacuum conditions using a conventional oven with a high thermal inertia may be considered as being very time-consuming. However, the use of an induction heating system with a low thermal inertia in the present studies decreased the time necessary for the ITPD run by a factor of ca. 20 compared to that with the original apparatus .
